Solar photocatalysis for hydrogen production is a promising approach to meet the global clean energy demands. In order to improve the energy conversion efficiency, new type II core/shell heterostructural photocatalyst has been designed through combining the normal semiconductors, such as TiO 2 1 and ZnO, 2 with narrow bandgap semiconductors (CdS, 3 CdSe, 4 and CdTe 5 ). Presently, type II core/shell heterostructures based on the one dimensional ZnO nanowires (NWs) have drawn great attention for photocatalytic hydrogen (H 2 ) production due to the following advantages: easy synthesis, 2 light absorption enhancement arising from the shell, 6, 7 and the improvement of the electron-hole separation efficiency. 8, 9 As a result, much effort has been devoted to design ZnO NWs-based core/shell heterostructures, including binary shells, such as CdS, 3 CdTe, 5 and ZnSe, 10 and ternary shells, such as CdS x Se 1Àx , 11 Zn x Cd 1Àx S, 12 Zn x Cd 1Àx Se, 13 ZnS x Se 1Àx , 14, 15 and Zn x Cd 1Àx Te. 16 In comparison to the shells with single component, the multi-shells are more attractive because of their adjustable band gap by tailoring the composition, which profoundly broaden the light absorption range. Considering each of CdTe, CdSe, ZnTe, and ZnSe can separately form type II band alignment with ZnO; we conclude that quaternary ZnCdSeTe also keeps the type II band structures with ZnO, although the band position will slightly change with the x or y value varying. However, there are few researches on this kind of quaternary shells, which provide an extra degree of freedom to adjust the bandgap energy and the band position.
Recently, the integration of Au nanoparticles (NPs) into traditional photocatalysts has been shown to endow the plasmonic composite with enhanced photocatalytic performance via utilizing the Surface Plasmon Resonance (SPR). [17] [18] [19] The plasmon-mediated electron transfer (PMET) process would enable these metal NPs decorated photocatalysts to serve as light-harvesting assemblies. During this process, the surface plasmons of NPs will non-radiatively decay into hot electrons which transport to the metal-semiconductor interface and then inject into the conduction band (CB) of the semiconductor. However, the fast charge recombination between the injected electrons in semiconductors and the holes in Au NPs significantly hinders the subsequent chemical reactions and its photocatalytic performance. 18, 20, 21 Here, we demonstrate a general chemical vapor deposition (CVD) method to grow the composition controllable type II ZnO/Zn x Cd 1Àx Se y Te 1Ày core/shell NW arrays. Then, Au NPs decorated these core/shell arrays on Indium Tin Oxide (ITO) substrate ( Fig. 1(a) ). The Au NPs SPR effect was found to profoundly enhance the absorption of visible light and H 2 production performance. Our study reveals that the band gap and the conduction band position of this quaternary shells play an important role on the "hot" electrons transfer under visible light irradiation. Furthermore, the type II heterojunction band edge alignment improves the PMET process and restains the recombination between the injected "hot" electrons in semiconductors and the holes in Au NPs. The synergistic effect between type II heterostructure and Au NPs SPR not only extended the absorption edge from UV to NIR but also improves the quantum efficiency.
The ZnO/Zn x Cd 1Àx Se y Te 1Ày core/shell nanowires array was prepared on ITO substrates by a two-step process. First, ZnO nanowires array was fabricated by a typical hydrothermal method. 22 Then, the Zn x Cd 1Àx Se y Te 1Ày shell was deposited on the pregrown ZnO nanowires array by CVD. Three pregrown samples (P1-P3) were placed downstream of the gas flow. A mixture of high-purity ZnSe and CdTe powders (Alfa Aesar, 99.99%) with a ratio of 1:1 was placed in the center of the furnace. The distance between the ITO substrate and source ranged from 10 to 14 cm. Au NPs were synthesized in a typical solution way. 23 Pregrown Au NPs a)
Author to whom correspondence should be addressed. Electronic mail: hej@nanoctr.cn. were dispersed into 2.5 mmol PVP (Polyvinylpyrrolidone). Every piece with composition-tuned ZnO/Zn x Cd 1Àx Se y Te 1Ày core/shell NWs was spin coated with 2 ml solution and dried at 120 C for 12 h. Then, the samples were washed with distilled water and dried at 60 C. The structure of the samples was examined with Hitachi S-4800 field-emission scanning electron microscopy (SEM) and transmission electron microscopy (TEM). UV-vis-NIR diffuse reflectance spectroscopy (DRS) of samples was performed with Hitachi U-3100. Photoelectrochemical (PEC) properties of the samples were determined in a standard three-electrode system (CHI650D) with a Pt wire as counter electrode and standard calomel electrode (SCE) as reference electrode in 0.1M Na 2 SO 4 . The photoresponses were measured under a 500 W xenon lamp (377 mW/cm 2 ) with a 420 nm cutoff filter at 0.0 V versus SCE. IPCE (monochromatic incident photonto-electron conversion efficiency) measurements were taken on a CIMPS-IPCE system under monochromatic source at 1 nm resolution. The photoreception area was set as 86.6 mm 2 . Water-splitting experiments were conducted in a 300 ml pyrex reactor coupled with a gas chromatograph (TianmeiGC-7900) equipped with a thermal conductivity detector. A 300 W xenon lamp with a cutoff filter (250 < k < 780 nm, 751.6 mW/cm 2 ) was used to irradiate the suspension.
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The numerical simulations were performed with Lumerical, a commercial FDTD (finite difference time domain) Maxwell equation solver. The diameter of the ZnO is 150 nm and the thickness of the Zn x Cd 1Àx Se y Te 1Ày shell is about 10 nm. Gold nanoparticles with a diameter of 10 nm and center-to-center distance of 40 nm are attached on the surface of the Zn x Cd 1Àx Se y Te 1Ày . The refractive index of the surrounding water was set as 1.33. The Au dielectric function was represented by fitting the data points from Johnson and Christy. 24 The refractive index of the Zn x Cd 1Àx Se y Te 1Ày or (CdTe) x (ZnSe) 1Àx is dependent on the component proportion of ZnSe and CdTe, x Á n CdTe þ ð1 À xÞ Á n ZnSe , where n CdTe and n CdTe are the refractive index of CdTe and ZnSe, respectively. Here, x was set as 0.5. (Fig. 1(e) ). The corresponding spacing distances are $0.263 nm and $0.237 nm, respectively. The HRTEM image reveals that ZnO NWs are attached by the polycrystalline Zn x Cd 1Àx Se y Te 1Ày shell. From EDS (energy dispersive spectrometer) line scanning image of Fig. 1(f) , O signal is mainly confined within the ZnO core region, while Cd, Se, and Te signals are found in the shell area, indicating the presence of Zn x Cd 1Àx Se y Te 1Ày in the shell.
To investigate surface plasmon resonance enhanced light absorption, DRS of pristine ZnO NWs, ZnO NWs modificated with 10 nm Au NPs (ZnO/Au), and ZnO/ Zn x Cd 1Àx Se y Te 1Ày /Au was performed as shown in Fig. 2(a) . The pristine ZnO NWs shows an absorption peak located at $380 nm, corresponding to the expected band gap about 3.4 eV. After modification with 10 nm Au NPs, it shows another absorption peak at $540 nm, corresponding to the localized SPR (LSPR). According to the distance between the ITO substrate and source, different ZnO/ZnCdSeTe samples were named as P1 for 10 cm, P2 for 12 cm, and P3 for 14 cm. P1 þ Au, P2 þ Au, and P3 þ Au represent Au NPs decorated samples. After coating, the absorption range of the ZnO/ZnCdSeTe/Au is extended to the NIR region. The Zn x Cd 1Àx Se y Te 1Ày bandgap values conform to the following standard interpolation formula for quaternary semiconductor alloys A x B 1Àx C y D 1Ày : 25, 26 16 the absorption edges of samples increase from 2.53 eV for P1 þ Au, 1.51 eV for P2 þ Au, and 1.46 eV for P3 þ Au with the increasing Cd and Te contents. Importantly, all the samples show strong absorption at $540 nm, indicating the LSPR of Au NPs. In order to further clarify the effect of band edge and localized surface plasmon resonance, IPCE measurements were performed. The IPCE spectra ( Fig. 2(b) ) indicates that ZnO/ZnCdSeTe/Au exhibits photoresponse range from 365 nm to 440 nm for P1 þ Au, from 365 nm to 820 nm for P2 þ Au, and from 365 nm to 845 nm for P3 þ Au, which corresponds to their absorption edges. IPCE of samples without Au NPs is low than that of samples decorated with Au NPs. In addition, ZnO/ZnCdSeTe/Au presents strong photoresponse from 480 to 560 nm which is caused by the LSPR of Au NPs, which is not obvious in the IPCE spectra of samples without Au NPs.
To further explain surface plasmon resonance enhanced light absorption of ZnO/ZnCdSeTe/Au, the interaction of plasmonic and photonic resonances was simulated by a finite element method (FEM). When a metallic nanoparticle is in direct contact with a semiconductor, a Schottky barrier is formed. With the illumination of light, the surface plasmons of the nanoparticles will nonradiatively decay into hot electrons, which transport to the metal-semiconductor interface and inject into the conduction band of the semiconductor. The hot electrons are responsible of the hydrogen production of ZnO/Zn x Cd 1Àx Se y Te 1Ày /Au. As shown in the inset of Fig.  3(a) , this process can be understood by a simple model, 27, 28 in which the amount of the hot electrons A() for hydrogen production can be written as an expression with the quantum transmission probability g i modified by the plasmon absorption spectrum S()
where C F is the device-specific Fowler emission coefficient, h is the photon energy, and q is the Schottky barrier energy. The quantum transmission probability g i describes the number of electrons with sufficient energy to overcome the potential barrier. Due to the strong plasmon resonance of the Au nanoparticles, the optical response is found to be mainly determined by the Au nanoparticles. Other surrounding materials, such as water, Zn x Cd 1Àx Se y Te 1Ày , and ZnO only give a small frequency shift for nanoparticle plasmon resonances. For a single Au nanoparticles with 10 nmdiameter immersed in water, the absorption cross section spectrum was simulated ( Fig. 3(a) ). The maximal absorption is located at 540 nm in wavelength, which corresponds to the localized LSPR of the Au nanoparticle. The electric field distributions of the structures were investigated at three different wavelengths 380 nm, 540 nm, and 820 nm (Figs.  3(b)-3(d) ). As expected, the magnitude of the electric field around the nanoparticles at the LSPR wavelength 540 nm is the strongest, compared with that at two other off-resonance wavelength. According to Eq. (2), at wavelength 540 nm, since the nanoparticle absorbs the most amount of the light and the generated hot electrons still have sufficient energy to overcome the potential barrier, the efficiency of the hydrogen production is highest, which agrees with the experimental results well. Electrochemical measurements were conducted to study the PEC properties of ZnO/ZnCdSeTe electrodes before and after decorating Au NPs under visible-light irradiation (k > 420 nm). In order to study the photocatalytic H 2 -production activity of all samples, we first display the photoresponses of all samples at 0.0 V versus SCE. Fig. 4 shows the amperometric current-time (I-t) curves of ZnO/ZnCdSeTe before (P1-P3) and after decorating Au NPs (P1 þ Au, P2 þ Au, and P3 þ Au) at 0 V versus SCE with the light on and off. When the light is off, all the photoelectrodes have a similar dark current density of $0.05 lA/cm 2 . Under visiblelight irradiation, the photocurrent of P1-P3 increases to $0. formed between Au NPs and ZnCdSeTe, which leads to the different amount of hot electrons transfer to the conduction band of the semiconductor. As a result, the photocurrent intensity of P1-Au, P2-Au, and P3-Au is different. Fig. 5 shows the photocatalytic H 2 -production activity of various ZnO/ZnCdSeTe electrodes before and after decorating Au NPs under visible-light irradiation. Here, we chose Au particles with a diameter of 10 nm which display the strongest LSPR wavelength located at 540 nm. And this wavelength is in the visible light range, which is extremely advantageous for the photocatalytic H 2 -production. The H 2 yield of P1, P2, and P3 is 0.700 mmol/g, 0.777 mmol/g, and 0.986 mmol/g, respectively. With the presence of Au NPs, the H 2 yield remarkably increases to 1.176 mmol/g for P1 þ Au, 2.172 mmol/g for P2 þ Au, and 1.6386 mmol/g for P3 þ Au. We chose the sample P2 þ Au with the best photocatalytic H 2 -production activity to evaluate the stability of H 2 -production. P2 þ Au does not exhibit obvious degradation after three cycles in 12 h, indicating its high H 2 production capability under long-time light irradiation. The mechanism of the photocatalytic H 2 -production performance of ZnO/ZnCdSeTe/Au electrodes can be elucidated by the schematic. The photocatalytic H 2 production activity of catalysts is affected by the light absorption capability of materials. 30 Absorption range of ZnO/ZnCdSeTe/Au extends from UV to NIR light. Moreover, the type II heterostructure interface between ZnO NW core and ZnCdSeTe shells contributes to photogenerated carriers separation, which favors H 2 production. Importantly, after modification with Au NPs, the light absorption is enhanced by the LSPR of Au NPs which were confirmed by both experimental data and simulation. It is worth noting that this composition-tuned Zn x Cd 1Àx Se y Te 1Ày shells can adjust not only the light absorption range but also the conduction band of the semiconductor. The Schottky barriers between Au NPs and ZnCdSeTe are further adjusted to enhance the hot electrons transfer efficiency from Au to the conduction band of the semiconductor. The bands of ZnCdSeTe can be tuned over the range from ZnSe to CdTe. The conduction position of ZnCdSeTe shells becomes more and more lower with the increase of the Zn and Se contents. Meanwhile, as shown in the UV-vis-NIR DRS, the light absorption range becomes narrower with the increase of the Zn and Se contents. Therefore, the synergistic effect between the suitable conduction band position and light absorption range should be optimized. We achieved best photocatalytic H 2 -production activity based on ZnO/ZnCdSeTe/Au electrode by designing this compositioncontrollable Zn x Cd 1Àx Se y Te 1Ày shells to find the best elements composition. In summary, we synthesized a composition-controllable ZnO/Zn x Cd 1Àx Se y Te 1Ày core/shell nanowire arrays on ITO substrates via the hydrothermal method followed a CVD process. Zn and Se contents of the shells can be exactly tuned through adjusting the deposition location. After decorating ZnO/Zn x Cd 1Àx Se y Te 1Ày core/shell NWs with 10 nm Au NPs, H 2 production is significantly enhanced. The hot electrons generated from Au NPs under light illumination play an important role. Furthermore, ZnO/ZnCdSeTe/Au electrodes with suitable Zn and Se contents show high stability of H 2 -production under long-time light irradiation. Our results provide an useful way to design type II nanostructure and thus enhance their H 2 evolution performance under solar light.
